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Flush-Mounted Electrostatic Probe in the
Presence of Negative Ions
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Sandia Laboratories, Albuquerque, N. Mex.

AND
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University of Illinois at Chicago Circle, Chicago, III.

The current voltage characteristics of continuum flush-mounted electrostatic probes are
analyzed in the presence of negative ions. For equal electron and heavy particle tempera-
tures, negative ions modify the ambipolar region but leave the sheath solution unchanged.
The results show that negative ions suppress the electron saturation current considerably
and increase the positive ion saturation current slightly. Decreasing the negative ion mo-
bility increases the positive saturation current and further suppresses the negative saturation
current. The effect of unequal electron and ion temperatures is discussed in some detail.

Nomenclature

C+,_,e = positive ion, negative ion, and electron mass fraction,
respectively

D+,_,e = positive ion, negative ion, and electron diffusion coeffi-
cients, respectively

e = electron charge
E = electric field
/ = fWUoWr,
F — friction work in energy equation, also potential drop

inside the sheath, see Eq. (40)
G,H = functions defined in Eq. (28)
/+,/_ = positive and negative ion slopes at sheath edge, Eq.

(26)
j — current density
k = Boltzmann constant
K = function defined in Eq. (28)
L,MyN = functions defined in Eq. (21) (L — also characteristic

length)
M = particle mass
n — number density
Qin,Qei = inelastic and elastic energy exchange terms
Q = function defined in Eq. (15)
R = electric Reynolds number R = eLU0/D+0
t = stretched coordinate [see Eq. (28)]
T — temperature
u,v — velocity components, x and y direction, respectively
x,y = coordinates
X = function defined in Eq. (29)
a = XD/L, nondimensional Debye length
j3,j8_,j8' = ratios; 0 = D+0/eDeo, 0_ = D+0/D_0, 0' = (1 - /3)/

1 + 0
7,7',r0 = defined in Eq. (25)
r+,_,e = positive ion, negative ion, and electron fluxes, respec-

tively
V = gradient operator
r? = boundary-layer coordinate
€ = temperature ratio T0/Teo
Co = permittivity in vacuum
3> = electric potential
^ = nondimensional electric potential
fjL = conductivity
P = mass density

Subscripts
= negative ion, positive ion, and electron, respectively
— body surfaceB
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o, oo = boundary-layer edge
s = species

Introduction

THE flush-mounted or surface electrostatic probe is an at-
tractive instrument for measuring certain plasma proper-

ties, such as the electron number density, in re-entry vehicle
plasmas. As the name implies, the flush probe consists of a
conductor surrounded by an insulator whose exposed surface
is flush with that of the body. When the dimensions of the
probe L are small compared to a mean free path X, it acts as
a classical Langmuir probe. For re-entry boundary-layer
measurements, however, it is not practical to have L <<c X.
Furthermore, under most re-entry conditions the sheath,
where charge separation is significant, is collision dominated.

Lam,1 Chung,2-3 Denison,4 and others, have studied the
interaction between a solid body and a weakly ionized flowing
plasma under the aforementioned conditions. In particular,
Lam1 has outlined a general continuum theory for a flush
probe where \D/L « R112, and where the weakly ionized
plasma consists of positive ions and electrons.

Certain ablating surfaces, however, introduce negative ions
in the plasma flow and change the current-voltage character-
istics of the probe significantly (see Ref. 5). To study this
effect, we will follow Lam's1 formulation and include negative
ions in the weakly ionized flowing plasma. The general
formulation will be for a compressible plasma flow, but solu-
tions will be obtained for an incompressible flat plate flow
only, in order to illustrate the effect negative ions have on the
current-voltage characteristics of the probe.

General Formulation

The compressible steady-state species conservation equa-
tions for singly ionized plasma (negative ions, positive ions,
and electrons) can be written as

pV-V'(ns/p') + V'-T. = ns (1)

where s = +, — , and e for positive ions, negative ions, and
electrons, respectively. The flux IV is given by

T_ = -p'DJV'(n-/p') + (eDJ/kT')n+V'3> (3)
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Poisson's equation can be written as

V'2$ = -e/€0(n+ - n. - na)
and the electron energy equation is given by
ne(v' + fV)'

(5)

V'-G*.V!Zy)+*» + Qin + Qei (6)
where Ve

f is the electron diffusion velocity, F is the friction
work and Qm,Qei inelastic and elastic energy exchange terms
between electrons and heavy particles. If we introduce the
definition of mass fraction in Eq. (1) viz., Cs = M>s/p', the
result is

= ns (la)
or, from conservation of mass, V-p'v' = 0 we have

V'.[pV(C./Af.) + r.] = ns (Ib)
The current density then is given by

J = e{T+ - r_ - Te + p'v'[(C+/M+) -
(C-/M-) - (Ce/Me)]} (7)

Equations (Ib) and (7) imply V- J = 0, if n+ = n_ + fie.
Also, Eq. (1) is valid for weakly ionized gases, where the elec-
tric field effects are decoupled from the gas dynamics of the
flowfield. In nondimensional form, Eqs. (la) and (5) are
represented as follows for ns — 0:

Rpv- VC+ - V- [PD+[eVC+ - (C+/T)V*]} = 0 (8)
p-Rpv-VC- - V- {pZUeVCL + (C./T)V^]} = 0 (9)

~ 0
(10)
(11)

e - V- (pZ)e

= p[C+/M+ - C-/M- -

where R = eLU0/D+0 is often called the electric Reynolds
number R and for most re-entry plasmas is of order Re, the
viscous Reynolds number; e — T0/Teo] \l/ = —e$/kTeo', /3_ =
D+o/eDeo and is of order unity, /? == D+0/eDeo and, in general,
is much less than unity; a — \D/L and \D = (€okTeoMe/
e2p0Ceo)1/2 is the Debye length. Subscript o represents a ref-
erence condition, e.g., boundary-layer edge.

If we let T — Te (e = 1.0) and follow Lam,1 we can elimi-
nate Ce from Eq. (10) and after some algebraic manipulations
obtain the following set of equations:

Rpv- - - 0)CL] - V- {p(De
p(Z)_ -

(12a)
- - «C_ - V-

p(Z)_ - - D.)

_ - V- [pD-VC-
a*Q (13a)

= 0 (14a)
where

(- (15)

(In all these equations and in subsequent ones C+,-/M+,- =
C'+,_ and the primes are deleted.) It is not hard to see that
Eq. (13) represents the current density defined by Eq. (7).
Also, Eqs. (12-15) are exact in the framework of the present
theory. Now, if the variations with respect to temperature
of the diffusion coefficients, D+, DJ, and D/, are similar,

then D+ = ZV/D+o', D_ - DJ/D-0', andZ). = De'/Deo' will
all be about the same at each point of the flowfield. The dif-
ferences of (D+ — D-) and (D_ — De) will then be negligible
throughout the boundary layer, and the Eqs. (12-15) become
considerably simplified, viz.,

Rpv-

VC_ - V-

V- [p(D. + D+) VC+] = «2Q (12b)

«2Q (I3b)

= 0 (14b)

C+(De+

Ambipolar Region

For a thin sheath, a -»• 0 and charge separation is confined
to a very thin region near the wall. The rest of the boundary
layer can be simplified to represent the ambipolar region
where quasi-neutrality holds. For a two-dimensional flow
Eqs. (12b-14b) becomes for the ambipolar region

B

where 7 = (/5- - 0)/l + j8.
If we multiply Eq. (18) by (/3_ —

(17), we obtain
and subtract from Eq.

which can be integrated once to yield

>« + 0DJC+ - D_ ̂ V-2 C_l ̂  +

(20)

where

A(x) = [(1

or

IT by LC+ - MC,

where L = De +

LC+ - MC-
(21)

, M = 1 - ^/^_D_, N = De - jSD+.
If now Eq. (21) is substituted into Eq. (17), two equations

are obtained, explicit in C+ and C_, thus

pu - (C+ + T0_) - pv~ (C+ + yC.) =
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05- -

<*_( ^^±
*y\pR ay .

~ 05- -

_ _
dp

R(LC+ - - 0 (23)

Note that the effect of the negative ions is not merely to alter
the ambipolar diffusion coefficient. The boundary conditions
are: y-+ » ; u-+ U0, C+-*C+o,CL-*C--o. */-*0;C+ = C-
= 0.

From Eq. (21) it is clear that d^/df/ -»• oo as y -* 0. The
reason for this singular behavior near y = 0 is that in the
vicinity of the wall a*Q is no longer small, and charge separa-
tion is significant. For a uniformly valid solution all the way
to the wall, one has to construct the sheath solution and
match it to the ambipolar solution at some y = y°. How-
ever, if the sheath is very thin, y° can be set equal to zero for
calculating C+ and C~.

As an example, we will solve Eqs. (22) and (23) for the
incompressible case, corresponding to the flow of a weakly
ionized gas over a flat plate, After introducing the boundary-
layer coordinate rj — y(U0/D+x)112 and setting the ion
Schmidt number v/D+ equal to one, Eqs. (22) and (23) become

fd/dq(C+

C+-

0 (24)

«
where

/' = U/U. — JL r— ~ A o

1 -
1 +

It is clear from Eqs. (21), (24), and (25) J that in the vicinity of
the wall, i\ -*• i\°(f), convective effects can be neglected, and
we obtain immediately

(26)

_
dry (77 -

Equations (26) and (27) will serve as boundary conditions for
the sheath region.

Sheath Region

In the spirit of the aforementioned simplification, we now
look at the incompressible sheath in the presence of negative
ions. Once more, following Lam1 we introduce the transfor-
mation

r, -

C+ ==
C_ =

Ce =

(28a)
(28b)

(28c)
(28d)

If we substitute Eq. (28) into Eqs. (14) and (15), neglect
convection terms and follow Lam, we obtain the following

t In Eqs. (24) and (25) ft « 1, e.g., for NO+ ft - 0.0043. On
the other hand £_ can be as high as 2 for SF6" and as low as 0.5
for OH~. Under these conditions, y' ~ &' « 1.

sheath equation:

where
X =

E - -

2Et + 2X (29)

This equation is identical to Lam1 with € = 1 (see Eq. 6.2,
Ref. 2). It was studied in detail by Cohen.6 The only dif-
ference lies in the value of the parameter X which now de-
pends on the positive ion slope 7+ as well as the negative ion
slope 7_. For € -^ 1 but Te/T = constant throughout, the
sheath equation changes and is now represented by the set

e)K - (1 - 6)(7V
(dE/dt) + (E*/2) + (1 + €)t - (1 - .€)*(7-/I+) (Ma)

e(dH/dt) + HE - (7^/7+)1/3(€ + X>) (30b)
*(dK/dt) - KE - e - Z; (30c)

where

X' = (1 - yCL.)(n-
(l + fid
[(1 - €«.

X

C8--
'-]

After considerable manipulations, one can eliminate k and
H from Eq. (30) and obtain the following sheath equation:

e(E'7EY + eE" - (E*/2e)' - A(E'/E*) -
- 0 = 0 (31)

where A, B, and C are functions of c, 7_/7+ and ^"'.
The boundary conditions for Eq. (29) are as follows: on

the body surface, we require that

K - G H - 0

= 0

(32a)

(32b)
As ^ -> oo ? we require that the sheath solutions match with
the ambipolar solutions given in Eq. (27):

E(t-+ oo) - X/j (33)

After E(t,X) has been obtained, the distribution of \f/ in the
sheath is given by

(*) - P«/ f«,
(34)

Inasmuch as the previous analysis is identical to Lam,1 we
refer the reader to Ref. 1 for further details. For the com-
pressible sheath where the temperature T is not a constant,
but is equal to Te, one still obtains Eq. (29). However, the
potential ^ is now obtained from the expression

^ - fTEdt
and the coordinate t and the parameter X are related to the
general compressible flow transformation coordinates rj and

Current Voltage Characteristics
The current voltage characteristics for the incompressible

flow are now given by

sheath ambipolar outer



368 K. J. TOURYAN AND P. M. CHUNG AIAA JOURNAL

0 2.0 4.0 6.0 8.0 10.0 11.0 12.0 14.0

Substituting Eqs. (36-39) in Eq. (35) we finally get

Fig. 1 The effect of changing negative ion concentration
on the ambipolar region.

Following Lam1 we have,

Sheath = i/wi - Z In* - F(X); F(X) = f \ Edt +
J 'wall

X) - X In* -
1 - y'C0

- 7_2)

(36)

(37)

For the outer solution we get

= e[~re + r_ - eD€n0 [(C. + P-C-

+ V(pC+ - P-C- - C,)} (38)
At the edge of the ambipolar region C, + C_ = C+ = 1 and
C- = C-,, then

/.(I - T'C-,) (39)

where J» = (1 + 0)eDen0/L.

0.4 -

0 2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0
>7

Fig. 2 The effect of changing 0_ ( = D+/D_) for a given
negative ion mass fraction C0 at boundary-layer edge.

T ——
,73/0,

7+ -
In - 7_2)

- y'l.

(40)

where the function F describes the potential drop inside the
sheath.

The floating potential is obtained by setting JB = 0. In
dimensional form this gives

- y'l. In +* - 7_2)

In Eq. (40a) 7' ^ 0' ~ 1 and, therefore, a plot of $B vs
lnRa2(I+

2 — /_2) will yield a slope equal to %kTe/e, as in the
case where negative ions are absent. Since F -* =t °° as X
-> ±1, the saturation currents are given by

/^(positive) =
J*(negative) =

+ (41)

(42)
For C- = 0, Eqs. (40-42) reduce to those of Lam.1 In the
limit of C° = 0, JB(+)/JB(-) = 0- as expected. For the
thin sheath case, the values of 7+ and J_ can be obtained from
a numerical solution of Eqs. (24) and (25), with 7 and T0 as
parameters. The solution was obtained for a flat plate, as an
initial value problem using a shooting method. Table 1 sum-
marizes the results for various values of C0 and /3_. Values
used for the parameter T0 varied between —0.02 < ro
< 0.45. In the limiting cases of zero or hundred percent
negative ions, the solution of course is independent of F0. In
Table 1 and Figs. 1 and 2, T0 = 0.

Discussion

Figures 1 and 2 show C+ and C_ concentration profiles for
various values of C0 and 0_, respectively. These curves show
clearly that as the negative ion concentration is increased, the
ambipolar diffusion layer becomes thicker and the positive ion
slope near the wall increases. Figure 3 is a sketch of the cur-
rent voltage characteristics of the flush probe as a function of
negative ion concentration.

Table 1 Ion slopes and ratio of saturation currents
for j8 = 2"Jr and e = 1.0

0-

0.5

1.0

2.0

C-o

0
0.1
0.5
0.7
1.0
0
0.1
0.5
0.7
1.0
0
0.1
0.5
0.7
1.0

! /+
0.257
0.261
0.272
0.279
0.30
0.257
0.266
0.280
0.294
0.315
0.257
0.264
0.293
0.317
0.335

I-
0
0.042
0.188
0.246
0.30
0
0.048
0.211
0.272
0.315
0
0.056
0.240
0.305
0.335

JB(-)/
JB(+)
235
197
72.7
27.8
0.50

235
192
57.9
17.6
1.0

235
185
42.5
8.9
2.0
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It is evident from these results that the presence of negative
ions suppresses the electron saturation current, and increases
the positive ion saturation current slightly. The effect of
increasing /3_ (decreasing the negative ion mobility) is to in-
crease the positive saturation currents and decrease the nega-
tive saturation current. These results are in good qualitative
agreement with the measurements of Starner5 who used a
flowing argon plasma with various quench gases, such as SF6,
CF4, etc., added to the plasma stream.

Figures 1 and 2 show the rather unexpected peaks in the
negative ion concentrations within the boundary layer.
These peaks are due to the following.

Equation (21) shows that the electric field intensity in the
ambipolar region is proportional to [A(x) — (dCe/cty) ]/Ce as
it is when there are no negative ions (see Refs. 1 and 2).
This quantity is equal to [A (x) — (bC+/by) ]/C+ when the
negative ion concentration is zero. Hence, the electric field
is negative throughout the boundary layer when A = 0, that
is when the surface is electrically floating. The intensity of
the negative electric field increases toward the surface as
dCe/dy/Ce becomes larger.

This negative electric field, in addition to retarding the elec-
tron flux to the wall, would reduce the electron concentration
near the wall by preventing much of the light electrons from
reaching there.

When the negative-ion concentration is zero, however, the
plasma (quasi) neutrality condition of the ambipolar region
requires that Ce = C+. Since the body force on the positive
ions is in the direction opposite to that on the electrons, the
electric field intensity cannot substantially reduce the electron
concentration near the wall.

When there exist negative ions, on the other hand, the nega-
tive electric field successfully reduces the electron population
in the region near the wall, say for 77 < 4 or 5, by increasing the
negative-ion concentration to preserve the plasma neutrality.
The negative-ion concentration increases in this region as the
convection piles up the negative ions against the strong repul-
sive electric field. Without the convection, therefore, the
peaks in the negative-ion concentrations shown in Figs. 1 and
2, and the corresponding reductions in the electron concentra-
tions, will not be observed.

When the surface is negatively biased with respect to the
inviscid stream, that is when A < 0, the electric field in the
boundary layer will be more strongly negative than when A =
0. For such cases, therefore, the solution of Eqs. (24) and
(25) should show more pronounced peaks in the negative-ion
concentrations than those shown in Figs. 1 and 2. Similarly,
when surface is positively biased (A > 0), the negative in-
tensity of the electric field will be reduced. The peaks in the

NO NEGATIVE IONS

Fig. 4

12.0 14.0

The effect of unequal electron and ion tempera-
tures, e 7* 1, on the ambipolar region.

negative-ion concentration will then be correspondingly re-
duced and will eventually disappear as A is continuously in-
creased. §

It is noted here that the governing Eqs. (24) and (25) for the
ambipolar region are functions of the parameter A when there
exist negative ions. When the negative ions are absent, these
equations degenerate to the single ambipolar equation for
C+(= Ce) derived in Refs. 1 and 2, which is independent of A.

Figure 2 shows that the peak of negative ions exists further
away from the wall as j8_ is decreased. Decreasing of /3- im-
plies an increase in Z)_, and hence, an increase in K-. There-
fore, the opposition to the negative ion transport becomes
more efficient as /3_ is decreased. Consequently, with a de-
creased ]8_, the piling up of the ions take place at a larger r?
where the electric field is weaker and at the same time the con-
vective transport is stronger.

In the ambipolar region, the governing equations, Eqs.
(12b-14b) and Eq. (11) for a2 = 0, can be reduced to the fol-
lowing set of equations if and only if the Reynolds number is
zero.

CW = 0
V2((7_/<?-o) = 0
V2(Ce/Ceo) = 0

(43)
(44)
(45)

In the aforementioned equations, the gas density and the other
properties are assumed to be constant. The boundary condi-
tions for Eqs. (43-45) corresponding to those following Eqs.
(22) and (23) are that the values C+/C+0, C_/C_0, etc., should
be one at infinity, whereas they should be zero at the probe
surface.

Equations (43) and (45) and their boundary conditions are
identical to those for the plasmas with no negative ions when
the Reynolds number is zero. (See, for instance, Ref. 6).
Therefore, if there is no convection, the positive ion and elec-
tron concentration profiles, respectively normalized to their
values at infinity, are unaltered by the presence of the negative
ions. The solution of the problem is then trivial.

The convection, however, causes a rather fundamental
change in the structure of the ambipolar region when there
are negative ions, as was shown by the present solutions for
high Reynolds numbers.

The effect of varying the ion to electron temperature ratio
e on the structure of the ambipolar region is shown on Fig. 4.

Fig. 3 Current-voltage characteristics (arbitrary units) for
various values of /3_ and C0.

§ For To = -0.01 and C_0 = 0.5, the peak value for 0_ in-
creased by 2% over the T0 = 0 value. For T0 (or A) = 0.01
the reverse was true.
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The decreasing 6 can be thought of as the decreasing ion tem-
perature instead of the increasing electron temperature. A
decrease in the ion temperature, in the present formulation,
implies a decrease in Z)_ and K-. A reduced J£_ causes the
negative ion peak to move closer to the wall as was explained
earlier in connection with the effect of varying /?_. This vari-
ation of the position of the negative ion peak with respect to
€ is seen in Fig. 4.

Conclusions

On the basis of the previous simplified analysis, it is obvious
that when negative ions are present in the boundary layer in
quantities greater than trace amounts and Te j£ Ti, one can-
not determine the electron density concentration or the elec-
tron temperature from electrostatic probe measurements
alone. For Te — Ti, the complete current-voltage character-
istics must be obtained before n+ and Te can be determined
fromEqs. (40a), (41), and (42).

Appendix
For the case where the flow is incompressible but e ^ 1

(i.e., Te ^ Ti), Eqs. (24) and (25) become

2(1 - e) d?C-
• 1 + 0 d?

dt) 1 + ft dtj* df] \C+ —• y'C-
__C+ Rl-6ftdC+ Q8_ - eft aCL"M 0

0 (Al)

The corresponding expression for d^/dty near the wall yields

(1 - eft/+i F i - y'c.
n - n* u+ - y'i- (1 + ft(/+ - 7'J_)

OJ_ - eft/- (A3)

To compute saturation currents for e ?^ 1.0, the limiting
values of the function F(eyX') must be known. Hence,

dt dt

[see Eqs. (33) and (34) ]. This in turn would require the solu-
tion of the modified sheath equation, Eq. (31) [or Eqs. (30)].
If, for example, one lets X' -*• + ̂  for F -*• ± <» } then one has

Js(positive) = ~^ I

eft

These reduce to the results of Lam1 for J_ = 0 (no negative
ions).

References
1 Lam, S. H., "A General Theory for the Flow of Weakly Ion-

ized Gases," AIAA Journal, Vol. 2, No. 2, Feb. 1964, pp. 256-262.
2 Chung, P. M., "Electrical Characteristics of Couette and

Stagnation Boundary Layer Flows of Weakly Ionized Gases,"
The Physics of Fluids, Vol. 7, No. 1, Jan. 1964, pp. 110-120.

3 Chung, P. M., "Weakly Ionized Nonequilibrium Viscous
Shock-Layer and Electrostatic Probe Characteristics," AIAA
Journal, Vol. 3, No. 5, May 1965, pp. 817-825.

4 Denison, M. R., "Analysis of Flush Electrostatic Probes for
Reentry Measurements," 06488-6065-ROOO, Sept. 1967, TRW
Systems, Redondo Beach, Calif.

5 Starner, K, E., "Evaluation of Electron Quench Additives in
a Subsonic Air Arc Channel," AIAA Journal, Vol. 7, No. 12,
Dec. 1969, pp. 2357-2358.

6 Cohen, I. M., "Asymptotic Theory of Spherical Electrostatic
Probes in a Slightly Ionized, Collision Dominated Gas," The
Physics of Fluids, Vol. 6, No. 10, Oct. 1963, pp. 1492-1499.

1)+ 1].


